Velocity -porosity transforms and porosity -permeability transforms are frequently used for upscaling of rock properties from core and log scale to reservoir scale. Carbonate rocks often show a large scatter in the relationship between porosity and permeability. Hence further analyses are required in order to better predict permeability, which would result in more accurate reservoir modeling, and better reserve predictions. Incorporating image analysis enables us to reduce the uncertainties present in velocity and permeability scatter. Obtaining the microporosity by subtracting the macroporosity from the plug porosity leads to a better correlation with velocity than total porosity. The trend follows the Wyllie time average trend line. The deviation between measured total porosity and microporosity, the image macroporosity, is an excellent indicator of permeability in our dataset. Using the image macroporosity versus permeability trend reduces the uncertainty of permeability prediction by more than one order of magnitude. In our case, the microporosity is the dominant ineffective porosity for fluid flow. This reduction in uncertainty allows for better reservoir prediction and development.
Introduction
Carbonate rocks show often a lack of correlation between porosity and other physical properties, in particular permeability and velocity. The high diagenetic potential of carbonates result in intense alteration of the pore structure, which can lead to a decrease of effective porosity for flow and wave propagation. Permeability and elastic properties are strongly related to the rocks pore structure. As a result, samples of equal porosity can exhibit a wide variation of permeability and velocity. Two-dimensional digital image analysis can be used to quantify the pore structure, not requiring any knowledge of pore type or diagenesis of the sample. Although digital image analysis technique is performed on thin sections, physical properties are related to the three dimensional structure of the rock. Nevertheless our study shows that incorporating two-dimensional information from thin sections provides improved estimates for permeability and velocity prediction of the strata. The technique has the potential to be applied to very small samples, such as cuttings, and thus improve the characterization of reservoir rocks without complete core recovery.
Dataset
The samples set is based on 127 samples of 3 different pure carbonate formations. Prior to velocity measurements, the samples have been fully water saturated under vacuum (0.08 MPa) for 48h. The velocity measurements have been carried out at effective confining pressures of 20 MPa and pore pressures of 2 MPa. The porosity covers a range from 3% to 50% and the compressional velocity span from 2900 m/s to 6300 m/s. Detailed description of the image analysis method is given at Weger et al. (2004) .
Definition and measurement of microporosity, macroporosity and total porosity Helium porosity represents the total porosity, which is measured in the core plug. Total porosity does not entirely relate to fluid flow, due to pore bodies connected by very small pore throats, which do not allow for fluid flow and due to tortuosity effects. Carbonate rocks with bimodal pore size distribution, like large vuggy and moldic pores types versus the porosity present within the matrix, can be divided into macro and microporosity. Anselmetti et al. (1998) defined the boundary between macroporosity and microporosity as "pore area of 500 square microns, which translates to a pore length of approximately 20 microns, which is roughly the thickness of a thin section and thus the resolution of optical microscope". Our images are acquired at an optical resolution between 5 and 6 microns/pixel with an optical light microscope, using the image analysis method described by Weger et al. (2004) . In our methodology, macropores are defined by pores, which display bright colors of the blue epoxy filling the pores. Those areas are vertically connected through the thin section, resulting in a minimum pore diameter of approximately 30 microns, the thickness of a thin section. Microporosity is defined in this study as the image macroporosity subtracted from the total plug porosity. Image porosity is most likely closer related to effective porosity in flow, since small pores do not affect flow (Movers and Budd, 1996) . Ehrlich et al. 1991 stated that "image porosity is associated with the effective porosity and the difference between total porosity and image porosity generally represents porosity associated with essential immobile fluids". The porosity associated with essential immobile fluids is labeled in this study as microporosity.
The role of macroporosity and microporosity in constraining uncertainties and in relating velocity to permeability in carbonate rocks Parameters calculated from image macroporosity Several quantitative image analysis parameters were calculated and related to permeability and velocity. These parameters are: Pore shape factor (γ): This parameter was initially defined by Anselmetti et al. (1998) and describes the roundness of the largest pores present at a given pore spectrum. DOMsize: This parameter was introduced by Weger et al. (2004) and describes the dominant pore size in µm. P/Apor: This parameter was also introduced by Weger et al. (2004) and defines the Perimeter/Area normalized by the image macroporosity. Number of pores: Values represents the number of pores per area analyzed in the thin section. 
Reducing uncertainty in permeability prediction
Well-established parameters relevant for fluid flow are tortuosity from resistivity measurements, specific surface from BET and/or hydraulic radius from mercury injection. They are all indirect methods of measurements, describing the pore structure at different scales. Our method describes quantitative and direct the imaged pore structure at scales relevant for fluid flow and elastic properties, from microns to cm-scale. The complexity of the pore size distribution and the related tortuosity of the pore system is proposed to be captured by the P/Apor value. The higher the P/Apor value the higher, the tortuosity of the pore system. The average size of the macro pore bodies (DOMsize) is calculated as an indicator of the dominant pore size, instrumental as an indirect measure of the maximal possible pore throat size. The pore shape factor γ accounts for ineffective porosity in round unconnected porosity patches, like dissolution molds, as described by Anselmetti et al.
(1998) on a dataset of carbonate endmember pore types. Upper plot of porosity versus permeability shows that samples with pore structure associated with small DOMsize and high P/Apor values (black dots), are restricted to permeabilities below 100mD. The overall permeability uncertainty in a poro-perm plot is reduced to 2 ½ orders of magnitude in permeability, for the bulk of the samples, when compared to the total porosity-permeability trend (below). The color code is defined in Figure 1 .
Using two independant image analysis parameters to obtain an indicator of permeability, we related the dominant pore size (DOMsize) to the tortuosity of the pore system P/Apor. By plotting DOMpor versus P/Apor an inflection point is present where the slope of the curve changes from subvertical to sub-horizontal. From the change in slope two distinct different groups of samples are identified. The cutoff value of the two distinct groups has been determined by K-mean cluster analysis (Fig. 1) . Marked by the red dots are samples which have large dominant pore size (DOMpor) combined with simple pore systems (low P/Apor value). The dark dots in the plots are samples, which have small dominant pore size combined with complex pore systems (high P/Apor value). Samples with small DOMpor and large P/Apor are restricted to permeability below 100 mD (Fig. 2) . The overall permeability uncertainty in a poro-perm plot, using image analysis porosity, is reduced to two and a half orders of magnitude for most of the samples (Fig. 2) . Using pore shape factor γ alone, the uncertainty in permeability prediction can be reduced to two and a half orders of magnitude. However, the pore shape factor γ analysis is restricted to samples with more than 5000 pores/cm 2 . The permeability of the samples correlates better to the image macroporosity than to the total plug porosity. The uncertainty can be further reduced in a poro-perm trend by assigning "cutt-off values" in parameters calculated from the macroporosity, like the dominant pore size, pore Figure 4 : Plot of porosity versus p-wave velocity (above) and microporosity versus velocity (below). Samples with more complex higher tortuosity pore system and with smaller pores shows smaller scatter in porosity-velocity plot (black dots, above). Using microporosity instead of total porosity results in a leftward "shift" of the samples characterized by large pores and simple pore systems (red dots). Colour scheme is defined in from Fig. 1 . distribution or pore shape. For example, high values of permeability (>100mD) are only observed at pore structures with P/Apor values below 70 µm -1 .
Reducing uncertainty in velocity prediction
The crossplot of compressional velocity and porosity (Fig.  3 ) of pure carbonate samples show a large scatter of up to 2500 m/s at 26% porosity. Most of the samples fall slightly above the Wyllie time-average velocity trend. The pore types of these samples are dominated by intercrystalline porosity, interparticle porosity, moldic porosity and vuggy porosity. Samples dominated by microporosity are identified by qualitative thin section anlaysis. They plot in the vicinity of the time-average velocity trend. Using quantitative calculated microporosity from digital images of thin sections, instead of total plug porosity, significantly improves the correlation coefficient between porosity and velocity from 0.52 to 0.82 (Fig. 3) . The macroporosity displays a poor correlation with velocity. 
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The role of macroporosity and microporosity in constraining uncertainties and in relating velocity to permeability in carbonate rocks
Samples with dominant pore types such as interparticle, intercrystalline, vuggy and moldic porosity show decreasing deviation with increasing microporosity normalized by total porosity. Samples of other dominant pore types (e.g. intraframe) have not been evaluated due to the low number of samples. Note that samples with large DOMsize and low P/Apor values, indicating simple pore structure with large pores, show high velocities at each porosity zone, as marked by the red dots in Figure 4 . Multiple regression analysis has been performed (Fig. 5) , using microporosity, gamma and number of pores to assess the factors affecting velocity deviation at given microporosity zones. Predicted p-wave velocities using all three variables correlated very well with measured velocity, leading to a correlation coefficient of 0.86. Using microporosity instead of total plug porosity, in combination with image macroporosity parameters, has the potential of strongly reduce the uncertainty in velocity prediction.
Link between permeability and velocity
The first step in relating porosity to velocity or permeability, will require the separation of total porosity into microporosity and macroporosity. This step requires the direct or indirect knowledge of either the macroporosity or the microporosity and the total porosity. In our case, we measured macroporosity from digital image analysis and we related it to total plug porosity to derive microporosity. The microporosity gives an excellent correlation to the velocity and constrains the microporosity uncertainty ( Fig.  3 and 4) . One should note, that the velocity-microporosity trend is in close vicinity of the Wyllie velocity timeaverage trend line (Fig. 3) . The macroporosity information, determined from image analysis alone, is a valuable tool in constraining the permeability scatter that is normally encountered with total porosity (Fig. 2) . Using "apparent" microporosity determined from Wyllie's equation and relating it to total porosity at given velocities zones, has the potential of relating velocity to permeability. In a second step, using exclusively image analysis parameters calculated from the macroporosity, we are able to further reduce the uncertainty in permeability and velocity prediction. Those pore parameters can be calibrated with core permeability to obtain certain cut-off values of maximum possible permeabilities, for example all samples with a P/Apor value over 100µm -1 show no permeabilities above 20 mD. Alternatively, the relation of dominant pore size (DOMsize) and perimeter/area ratio's (P/Apor) shows distinct pattern (Fig. 1) , separating the macroporosity into large, simple pore systems and small, complex pore systems. This separation results in the creation of two groups of clusters, whereas samples, having dominant small pores and complex pore systems, clusters at low permeability ranges (<100mD) and follow the Wyllie curve (black dots in Fig. 2 and 4) . In our dataset the samples with large dominant pores and simple pore systems show higher permeabilities and deviate from the Wyllie curve.
Figure 5: Multiple regression model used to fit microporosity for prediction of velocity from image analysis parameters has a very good correlation coefficient of 0.86. Input parameters: (1) pore shape factor gamma, (2) number of pores and and (3) microporosity (image porosity substracted by plug porosity).
Conclusion
Microporosity in combination with macro porosity parameters reduce uncertainties in both velocity and permeability trends. Samples with high amounts of microporosity follow the Wyllie's time-average velocityporosity trendline and they are related to low permeability rocks in our dataset. It is important to separate the total porosity into macroporosity and microporosity in order to obtain better correlation coefficients for permeability and velocity prediction. The correlation between microporosity to velocity is much higher and better than the correlation of total porosity to velocity. Correlation of permeability to macroporosity reduces the uncertainties in permeability prediction by at least one order of magnitude. Pore structure parameters, like DOMsize and P/Apor, calculated only from image macroporosity without incorporating total plug porosity can be used as cutoff values to constrain maximum velocity and permeability values at given porosity ranges.
